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Despite the small size and conserved tertiary structure
of defensins, little is known at a molecular level about the basis of
their functional versatility. For insight into the mechanism(s) of
defensin function, we prepared enantiomeric pairs of four
human defensins, HNP1, HNP4, HD5, and HBD2, and studied
their killing of bacteria, inhibition of anthrax lethal factor, and
binding to HIV-1 gp120. Unstructured HNP1, HD5, and HBD3
and several other human «- and $3-defensins were also exam-
ined. Crystallographic analysis showed a plane of symmetry that
related "HNP1 and PHNP1 to each other. Either p-enantiomer-
ization or linearization significantly impaired the ability of
HNP1 and HD5 to kill Staphylococcus aureus but not Esche-
richia coli. In contrast, "HNP4 and PHNP4 were equally bacte-
ricidal against both bacteria. p-Enantiomers were generally
weaker inhibitors or binders of lethal factor and gp120 than
their respective native, all-L forms, although activity differences
were modest, particularly for HNP4. A strong correlation
existed among these different functions. Our data indicate: (a)
that HNP1 and HD5 kill E. coli by a process that is mechanisti-
cally distinct from their actions that kill S. aureus and (b) that
chiral molecular recognition is not a stringent prerequisite for
other functions of these defensins, including their ability to
inhibit lethal factor and bind gp120 of HIV-1.

Defensins are 2—5 kDa, disulfide-stabilized cationic peptides
found in the leukocytes and epithelial tissues of mammals
(1-5). On the basis of disulfide topology, defensins are classified
into three structural families: , B8, and 0. To date, six human
a-defensin peptides, also known as human neutrophil peptides
(HNPs)* 1-4 and enteric defensins 5—6 (HD5 and HD6) have
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been identified. Many more human B-defensins (HBDs) exist
and are believed to be expressed predominantly in epithelia.
However, only a few of these have been characterized thus far at
the protein level (6). Macrocyclic 6-defensins are expressed in
the leukocytes and bone marrow of certain nonhuman pri-
mates, but not of humans (7). Despite differences in amino acid
composition, Cys connectivity and tissue distribution, mam-
malian a- and 3-defensins are structurally conserved, adopting
a three-stranded B-sheet core structure stabilized by three
intramolecular disulfide bonds. At the functional level, how-
ever, defensins exert extremely diverse effects.

Originally identified as “natural peptide antibiotics” (8, 9),
defensins act early in innate immune defenses against poten-
tially infectious bacteria, fungi, and viruses. It is generally
accepted that bacterial killing by defensins is initiated by a “fatal
attraction” between the cationic defensins and the anionic
microbial membrane that culminates in target cell death elic-
ited by microbial membrane disruption and leakage of cellular
contents (10, 11). An array of molecular mechanisms has been
suggested to account for the ability of defensins to inhibit both
enveloped and non-enveloped viruses. For HIV-1 alone, at least
six distinct modes of action have been proposed, including
direct inactivation of virions (12—-15), interference with protein
kinase C signaling and viral replication (12), up-regulation of
CC-chemokines (16), inhibition of gp41-membrane fusion (17),
inhibition of CD4-gp120 interactions (18), and down-regula-
tion of HIV co-receptors (14). Adding to this complexity is a
recent finding that HD5 and HD6 enhance HIV-1 infection
during viral entry, acting via some unknown mechanism (19).

Defensins also appear to be important immunomodulators,
capable of acting on a variety of cellular receptors and host
proteins (3, 20, 21). For example, defensins chemoattract and
activate different types of immune cells (22-25), regulate cyto-
kine production (26, 27), interact with components of the com-
plement system (28, 29), and participate in wound healing by
promoting epithelial cell migration and proliferation (30, 31).
More recently, B-defensins have been shown to bind with high
affinity to melanocortin receptors to signal pigment-type
switching in dogs (32).

Defensins also neutralize many secreted bacterial toxins (33),
including anthrax lethal toxin (LeTx), a binary complex of two
bacterial proteins secreted by Bacillus anthracis, protective
antigen and lethal factor (LF) (34, 35). LF is a Zn*"-dependent
metalloprotease, which, upon entering macrophages, cleaves
important cellular proteins, induces cell death, and is the pri-
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mary virulence factor in the pathogenesis of anthrax. Kauf-
mann and colleagues first reported that HNP1-3 non-compet-
itively inhibited LF and protected cells as well as experimental
animals against killing induced by B. anthracis LeTx (36). B.
anthracis spores engulfed by human neutrophils germinated
intracellularly, only to then be killed effectively by HNPs (37).
Inhibition of LF and killing of vegetative cells of B. anthracis by
retrocyclins, putative hominid homologues of rhesus monkey
0-defensins encoded by human pseudogenes, have also been
reported (38).

Aside from their ability to interact with bacterial mem-
branes and a variety of proteins, many defensins also bind
carbohydrates, nucleic acids, and lipids. Retrocyclins, for
example, inhibit influenza virus infection by cross-linking
glycoproteins on the (host) membrane surface, thus prevent-
ing hemagglutinin-mediated viral fusion and entry (39). Some
antiviral activities of defensins appear to be associated with
their lectin properties (40 —42). How such small peptides have
acquired functional versatility or promiscuity at the molecular
level remains obscure. To better understand defensin function-
ality in innate and adaptive immunity, we compared HNP1,
HNP4, HD5, and HBD2 with their enantiomeric counterparts,
made up entirely of p-amino acids, with respect to bacterial
killing, LF inhibition, and HIV-1 gp120 binding. High resolu-
tion crystal structures of the enantiomeric pair of HNP1 were
determined. Hoping to gain additional mechanistic insights, we
examined five other human defensins (HNP2, HNP3, HD6,
HBD1, and HBD3), as well as linearized analogs of HNP1, HD5,
and HBD3 whose six Cys residues were all replaced by either
Ala or a-aminobutyric acid.

EXPERIMENTAL PROCEDURES

Materials—Synthesis of HNP1-4, HD5-6, and HBD1-3
was done as described previously (43—45). The p-enantiomeric
defensins "HNP1, PHNP4, "HD5, and "HBD2 were prepared
similarly to their natural counterparts using b-amino acids and
custom-made 4-hydroxymethylphenylacetamidomethyl res-
ins. The three unstructured/linearized defensin analogs, Ala-
HNPI1, a-aminobutyric acid-HD5, and a-aminobutyric acid-
HBD3, were synthesized on an ABI 433A peptide synthesizer
using the published 2-(1H-benzotriazolyl)-1,1,3,3-tetrameth-
yluroniumhexafluorophosphate activation/N,N-diisopropyleth-
ylamine in situ neutralization protocol for ¢-butoxycarbonyl
chemistry (46). All peptides were purified to homogeneity by
C18 reversed-phase high-performance liquid chromatography,
and their molecular masses were verified by electrospray ioni-
zation mass spectrometry. Quantification of defensins was
done by UV measurements at 280 nm using molar extinction
coefficients calculated from a published algorithm (47).

Recombinant anthrax lethal factor and protective antigen
were purchased from List Biological Laboratories, Inc. A
sequence-optimized chromogenic substrate of lethal factor,
Ac-NleKKKKVLP-p-nitroaniline, was synthesized essen-
tially as described (48). In brief, a peptide acid precursor,
Ac-NleKKKKVL-OH, whose lysine side chains were orthogo-
nally protected by ¢-butoxycarbonyl, was first synthesized on
2-chlorotrityl chloride resin using a standard Fmoc (N-(9-flu-
orenyl)methoxycarbonyl) chemistry and cleaved in a mixture of
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acetic acid/trifluoroethanol/dichloromethane (1:2:7). Coupling
of Pro-p-nitroaniline to the C terminus of the precursor pep-
tide was achieved using 2-(1H-benzotriazolyl)-1,1,3,3-tetra-
methyluroniumhexafluorophosphate and N,N-diisopropyl-
ethylamine in dimethylformamide for 2 h. The product was
precipitated and washed by ice water, deprotected by trifluoro-
acetic acid, and purified to homogeneity by reversed-phase
high-performance liquid chromatography. HIVy,, gp120,
expressed in T-REx™-293 cells and affinity-purified, was a
generous gift from Profectus Biosciences, Inc.

LF Inhibition Kinetics—The inhibition of LF by various
defensins was quantified using an enzymatic kinetic assay
(36, 48). Briefly, freshly prepared LF at a final concentration
of 1 ug/ml (~10 nMm) was incubated at 37 °C for 30 min with
a 2-fold dilution series of defensin in 20 mm HEPES buffer
containing 1 mMm CaCl, and 0.5% Nonidet P-40, pH 7.2. 20 ul of
LF substrate (1 mm in the buffer) was added to each well to a
final concentration of 100 uM in a total volume of 200 ul. The
enzyme activity, characterized as a time-dependent absorbance
increase at 405 nm due to the release of p-nitroaniline, was
monitored at 37 °C over a period of 5 min on a 96-well V.
microplate reader (Molecular Dynamics, Inc.). Data are pre-
sented in a plot showing percent inhibition versus defensin con-
centration, from which IC, values (the concentration of defen-
sin that reduced the enzymatic activity of LF by 50%) were
derived by a non-linear regression analysis.

Surface Plasmon Resonance-based LF and gp120 Binding—
Experiments were performed on a BIAcore T100 System (BIA-
core, Inc., Piscataway, NJ), unless stated otherwise, at 25 °C in
10 mMm HEPES, 150 mMm NaCl, 0.05% surfactant P20, pH 7.4 (£3
mMm EDTA). LF was immobilized on a CM5 sensor chip at a level
of 2500 response units (RU) by the amine-coupling protocol.
HIV gp120 chips were prepared at 2830 and 3200 RU. Analytes
were introduced into the flow-cells at 30 ul/min in the running
buffer. Association and dissociation were assessed for 5 and 10
min, respectively. Resonance signals were corrected for non-
specific binding by subtracting the background of the control
flow-cell. After each analysis, the sensor chip surfaces were
regenerated with 10 mm glycine solution (pH 2.0) and 50 mm
NaOH for LF or 10 mm NaOH for gp120 and equilibrated with
the buffer before next injection. Binding isotherms were ana-
lyzed with BIAevaluation software and/or GraphPad Prism.

Virtual Colony Count—Antimicrobial assays against Esche-
richia coli ATCC 25922 and Staphylococcus aureus ATCC
29213 (Microbiologics) were conducted using a previously
detailed 96-well turbidimetric method dubbed “virtual colony
counting” (49). A 2-fold dilution series of defensin, ranging
from 256 to 1 pug/ml in 10 mMm sodium phosphate, pH 7.4, was
incubated at 37 °C for 2 h with E. coli or S. aureus (1 X 10°
CFU/ml), followed by addition of twice-concentrated Mueller-
Hinton broth (2X) and kinetic measurements of bacterial
growth at 650 nm over 12 h. To increase the sensitivity of bac-
terial killing by some defensins, 1% tryptic soy broth (TSB) was
added to the phosphate buffer during the 2-h incubation
period. The virtual LD, (VLD,;,), VLDg,, VLD, and vLDgg
were reported as the defensin concentration that resulted in
survival rates of 0.5, 0.1, 0.01, and 0.001, respectively.
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Crystallization and Data Collection—Crystallization screen-
ings were conducted at room temperature using the hanging-
drop, vapor diffusion method and the commercially available
crystallization Sparse Matrix Screens (Hampton Research).
The drops were generated by mixing 0.5 ul of defensin solution
(prepared at 20 mg/ml in water) with 0.5 ul of reservoir solu-
tion, and placed over 0.8 ml of reservoir solution. HNP1 crystals
were grown from mother liquor containing 0.1 M imidazole and
1.0 M sodium acetate trihydrate, pH 6.5, whereas PHNP1 crys-
tals from 0.1 M sodium citrate tribasic dehydrate, 0.1 M HEPES
sodium, and 20% (v/v) isopropanol, pH 7.5. In both cases the
crystals appeared after 1 day and grew to the final sizes within a
week.

Prior to freezing in a 100 K stream of nitrogen, crystals were
briefly soaked in crystallization solutions with 20% glycerol
(w/v) added. X-ray diffraction data were collected from flash-
frozen crystals mounted on a rotating anode x-ray generator
Rigaku-MSC Micromax 7 equipped with a Raxis-4+ + image
plate detector (at the x-ray Crystallography Core Facility, Uni-
versity of Maryland, Baltimore). Crystal diffraction images were
indexed, integrated, scaled and merged using the HKL2000
package (50). Both defensins crystallized in the orthorhombic
form and belong to the space group P2,2,2. The data collection
statistics are shown in supplemental Table S1.

Structure Determination and Refinement—The structure of
HNP1 was solved by molecular replacement using the program
Phaser from the CCP4 suite (51) with the HNP3 molecule
(1DEN (52)) as a search model. The refined structure of HNP1
was subsequently used as an initial model for "HNP1 structure
determination with Phaser. The structures were refined to 1.56
A with the program Refmac (53), and the models were cor-
rected by manually re-fitting into the electron density and
rebuilt using the program COOT (54). The results of refine-
ment are summarized in supplemental Table S1. The coordi-
nates and structure factors have been deposited in the Protein
Data Bank with accession codes of 3gny and 3go0 for HNP1 and
PHNP1, respectively. Molecular graphics were generated using
PyMOL (DeLano Scientific LLC, San Carlos, CA).

RESULTS

Structural Studies—Ideally, an unnatural protein that is com-
posed entirely of D-amino acids is the mirror image of its native
form comprising only L-amino acids in the same sequence. Two
mirror image proteins (enantiomers), in identical amounts,
rotate the plane of polarized light equally, but in opposite di-
rections. When the paired defensin enantiomers, “HNP1/
PHNP1, "HNP4/°"HNP4, "HD5/°HD5, and "HBD2/"HBD2,
were examined by CD spectroscopy, the spectra of each enan-
tiomeric defensin pair appeared symmetrical about the x-axis
(supplemental Fig. S1), characteristic of two optically active
chiral molecules related to one another by a plane of symmetry.
“HNP1 and "HNP1 were chosen for further characterization by
x-ray crystallography. Both defensins crystallized rapidly in the
orthorhombic system and diffracted to 1.56 A on our home
x-ray source with the final values of R (R;,..) 0£0.171 (0.185) and
0.191 (0.199), respectively (supplemental Table S1). The crystal
structures of "HNP1 and "HNP1, with two defensin molecules
present in one asymmetric unit, are shown in Fig. 1A. As
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expected, “HNP1 adopts the canonical three-stranded B-sheet
fold arranged in a dimeric form, which is conserved in the a-de-
fensin family (55), whereas "HNP1 shows a nearly perfect mir-
ror image of its native L-counterpart. The vast majority of the
side-chain conformations, with a few exceptions, are also pre-
served symmetrically between “HNP1 and "HNP1. When the
dimers (60 residues) of “"HNP1 and an inverted PHNP1 were
superimposed, the root mean square deviations were found to
be 0.17 A for C_, atoms and 0.5 A for all atoms (Fig. 1B). In
addition to the flexible termini, the loop region connecting
the second and third B strands of monomer B (residues Gln-22
and Gly-23) constitutes a notable local structural difference
between "HNP1 and PHNP1, characterized by a larger than
normal root mean square deviation. Because the 32— 33 loop of
PHNP1 is involved in substantial crystal contacts, the observed
difference likely resulted from the effect of crystal packing
rather than intrinsic properties of the backbone.

Synthetic HNP1 Neutralizes LeTx—For validation purposes,
we characterized the ability of our synthetic HNP1 to neutralize
cytotoxicity of anthrax LeTx in murine macrophages (supple-
mental Fig. S2). We measured in vitro protective activity of
HNP1 against LeTx (400 ng/ml LF and 1600 ng/ml protective
antigen) using the same assay protocols as described by Kim ez
al. (36). Shown in supplemental Fig. S2 is HNP1 dose-depend-
ent protection of RAW 264.7 cells against cytolysis by LeTx
assayed in RPMI medium 1640 supplemented with 5% fetal calf
serum. Three independent experiments were performed, giving
rise to a highly reproducible EC, value of 15 + 1 um (effective
concentration of HNP1 at which 50% cell viability is observed),
in quantitative agreement with the value reported by Kim et al.
(36). Consistent with these findings, a Trypan blue cell staining
experiment showed that 20 um synthetic "HNP1 fully protected
murine macrophages from LeTx-induced cytolysis with no
apparent cytotoxicity.

D-Defensins Are Weaker Inhibitors of LF Than L-Defensins—
LF inhibition by a 2-fold, 11-point dilution series of LHNP1 (0,
1,2,4,8, 16, 32, 64, 128, 256, 512, and 1024 nm) was quantified
at 37 °C using an enzyme kinetic assay protocol tailored from
the published procedures developed by Kaufmann and col-
leagues (36). Shown in Fig. 24 is a percent residual LF activity
plot versus defensin concentration on a log scale, obtained from
24 independent measurements. Complete inhibition of 10 nm
LF was achieved by HNP1 at =1024 nMm. A non-linear regres-
sion analysis yielded an IC,, value of 148 = 11 nM, similar to the
IC,, value of 190 = 33 nMm reported by Kim et al. (36). We also
quantified LF inhibition by PHNP1, “HNP4/°HNP4, “HD5/
PHD5, and "HBD2/PHBD2 (Fig. 2A). On the basis of their IC5,
values, the four L-defensins ranked in the following order
of activity: "HNP1 (148 nm) ~ “HD5 (194 nm) > “HNP4 (811
nM) >> “HBD2 (22.9 um). "HBD2 was substantially weaker
than the three “a-defensins. The inhibition curve of HNP4 was
relatively steep, with percent residual LF activity dropping from
~90% to almost zero as the defensin concentration increased
from 516 to 2048 nm. By contrast, “HD5, despite a significantly
lower IC,, value, did not cause complete LF inhibition even at
2048 nM. Notably, the order of activity of b-defensins remained
roughly the same, i.e. "HNP1 (961 nm) ~ PHD5 (700 nm) >
PHNP4 (1.59 um) >> PHBD2 (72.6 um). Enantiomerization
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FIGURE 1. Crystal structures of "HNP1 and PHNP1 related to one another by a plane of symmetry. A, ribbon diagrams of HNP1 dimers in the asymmetric
unit of "HNP1 and PHNP1 crystals. The three conserved disulfide bridges are shown as yellow sticks. B, root mean square deviations of C_, atoms between two
enantiomeric monomers of HNP1. Monomers A and B of "HNP1 were compared with monomers A and B of inverted "HNP1, respectively.
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FIGURE 2. Inhibition and binding of LF by enantiomeric defensins. A, inhibition of LF activity by different concentrations of L- (solid line) or b-defensin (dotted
line). The data are averages of three independent enzyme kinetic measurements, except for ‘HNP1, for which 24 independent measurements were performed.
A Student t-test was used to calculate the p values for statistical significance: p = 0.0084 for "HNP1/°HNP1; p = 0.066 for “HNP4/°HNP4; p = 0.014 for

LF.

impacted defensin activity differentially, as evidenced by an
almost 7-fold increase in IC,, of "HNP1, a more modest 3- to
4-fold increase in IC,, of "HD5 or "HBD2, and a merely 2-fold
increase in IC;, of "HNP4.

Using SPR, we compared LF binding kinetics of L- and
D-defensins at various peptide concentrations (62.5, 125, 250,
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'HD5/PHD5; and p = 0.17 for "HBD2/PHBD?2. B, representative sensorgrams of L (thick lines)- and b (thin lines)-defensins, each at 1 um, on 2500 RU of immobilized

and 500 nM and 1 and 2 uMm for HNP1 and HD5; 62.5, 125, 250,
and 500 nMm and 1, 2, and 4 um for HNP4; and 0.5, 1, 2, 4, 8,
16, and 32 um for HBD2). Representative sensorgrams of the
eight defensins at 1 um each on 2500 RU of LF are shown in Fig.
2B. Unlike the enantiomeric 8-defensins “HBD2 and PHBD2,
the six a-defensins, and "HNP1 and "HD5 in particular, bound
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FIGURE 3. Enantiomeric defensins bound to 2500 RUs of immobilized LF as a function of concentration. The RU values collected at t = 300 s from three
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using a Student's t-Test: p < 0.001 for "HNP1/°HNP1; p = 0.0019 for "HNP4/°HNP4; p < 0.001 for "HD5/PHD5; p = 0.09 for “HBD2/°HBD2.

well to LF. The three native “a-defensins showed stronger LF
binding than their corresponding p-enantiomers, although the
differences measured by the RU values at 300 s of association
were by and large within a factor of 2. Fitting of steady-state
kinetic data is presented in Fig. 3, yielding the K, values of the
eight defensins for LF generally in line with the IC,, values
determined by enzyme inhibition assays. For both L- and p-de-
fensins, the order of LF-binding activity was: HNP1 ~ HD5 >
HNP4 >=>> HBD2. Importantly, the binding of b-defensins to LF
decreased uniformly as compared with their corresponding
L-forms. The -fold increase in K, was ~5, 2, and 3 for "HNP1,
DHNP4, and PHDS5, respectively, consistent with the aforemen-
tioned changes in IC,,. "HBD2 and "HBD2 were excluded from
the comparison, because their LF binding failed to approach
saturation at the highest concentration used. Taken together,
the LF inhibition and binding data suggest that p-defensins are
weaker inhibitors of LF than their native forms, with the largest
disparity seen for HNP1 and the smallest for HNP4.
D-Defensins Are Weaker Lectins Than L-Defensins—HNP1-3
and HD5, but not HNP4, HD6, and B-defensins, are known
lectins that are capable of binding at high nanomolar affinities
to HIV-1 gpl120, a heavily glycosylated protein. To better
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understand lectin properties of enantiomeric defensins, we
immobilized HIVy,; gp120 (2830 RU for HNP1 and HD5, 3200
RU for HNP4) on a CM5 sensor chip and analyzed association
and dissociation kinetics of various defensins at different con-
centrations. HNP1 and HD5 exhibited, from 250 nm to 8 um,
dose-dependent binding to gp120 (Fig. 4). No appreciable bind-
ing was observed with HBD2 at the highest concentration of 32
uM used (data not shown). PHNP1 and PHD5 were weaker than
their corresponding L-forms. For direct comparison, the RU
values at 300 s of all sensorgrams for HNP1 and HD5 were
plotted versus defensin concentration. As shown in Fig. 4, the
disparity between "HNP1 and "HNP1 in their ability to bind
HIV gp120 varied from 10- to 5-fold as the defensin concentra-
tion increased from 250 nm to 8 uM. A similar disparity varying
from 16- to 5-fold was found between “HD5 and "HD5 within
the same concentration range. We did not try to fit the kinetic
data to any mathematical model to obtain K, values due to
known mechanistic complexities associated with multivalent
carbohydrate-binding and binding-induced self-oligomeriza-
tion of HNP1 and HD5 on the surface of glycoproteins (56).
HNP4 showed greatly reduced ability to bind gp120 com-
pared with HNP1 and HD5, consistent with our previous obser-
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FIGURE 4. Binding of enantiomeric defensins to HIV gp120. Left and mid
concentrations (from 250 nm to 8 um for HNP1 and HD5, and from 125 nmto 4
binding, and 3200 RUs of gp120 were immobilized for HNP4 measurement

dle columns: representative sensorgrams of enantiomeric defensins at different
um for HNP4). A sensor chip with 2830 RUs of gp120 was used for HNP1 and HD5
s. Right column: RU values at 300 s of association from three independent SPR

measurements were fitted to a one-site binding model (Y = B,,,,-X/[K; + X]) using GraphPad Prism version 4.0. The p values for statistical significance are:

p = 0.003 for "HNP1/PHNP1, p = 0.022 for "HD5/°HD5, and p = 0.024 for

vations (57). Further, unlike HNP1 and HD5, PHNP4 was only
slightly weaker than "HNP4 in gp120 binding within the con-
centration range tested (125 nMm to 4 uMm). Despite a much-re-
duced capacity to bind gp120 compared with their native mol-
ecules, "HNP1 and "HD5 were still better lectins than “HNP4.
Interestingly, when HNP4 concentration was increased to 8 um
and above, a sudden surge in reference cell binding ensued,
resulting in irregularly shaped sensorgrams drifting into the
negative RU region (data not shown). A similar artifact
occurred with P"HNP4 at 8 um and above, making it impossible
to compare "HNP4 and "HNP4 binding to gp120 at higher
concentrations. The anomalous behavior of HNP4 at high con-
centrations may reflect distinct oligomerization properties of
this defensin.

Bactericidal Activities of D-Defensins Are Both Strain-
dependent and Peptide-dependent—Membrane permeabiliza-
tion as a possible mechanism for bacterial killing by cationic
antimicrobial peptides received early support from the studies
that demonstrated a non-receptor mediated pathway, initially

OCTOBER 16, 2009+VOLUME 284 -NUMBER 42

"HNP4/°HNP4.

evidenced by the finding that some antimicrobial peptides con-
sisting exclusively of all p-amino acids were equally active as
their natural L-form counterparts (58). To investigate whether
enantiomeric defensins kill bacteria equivalently, we quantified
bactericidal activities of “HNP1/°HNP1, "HNP4/"HNP4,
“HD5/PHD5, and "HBD2/PHBD2 against E. coli and S. aureus
using a previously established assay protocol termed virtual col-
ony count (49). Defensin dose-dependent survival of both
strains are plotted in Fig. 5. As expected, the a-defensins,
except for HNP4, killed the Gram-positive strain much more
efficiently, whereas the 3-defensin HBD2 exhibited strong bac-
tericidal activity against the Gram-negative strain.

As anticipated, each of the four enantiomeric defensin pairs
showed nearly identical killing activity against E. coli, consist-
ent with the premise that induction of bacterial cell lysis by
cationic antimicrobial peptides does not involve proteinaceous
receptors on the cell membrane. Surprisingly and importantly,
the validity of a unitary, membrane-only model was seriously
undermined when we examined the killing of S. aureus by
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FIGURE 5. Survival curves of E. coli ATCC 25922 (red) and S. aureus ATCC 29213 (blue) exposed to L- (empty circles) and p-defensin (filled circles). Strains
were exposed to the peptides at concentrations varying 2-fold from 1 to 256 wg/ml. Each curve is the mean of two (HNP1, HD5, and HBD2) or three (HNP4)
separate experiments, where the error bars represent the =S.D. of the measurements. Points scored as zero survival could not be plotted.

HNP1 and HD5. Here, "HNP1 and "HD5 displayed signifi-
cantly reduced bactericidal activity compared with "HNP1 and
“HD5, respectively. Upon L — D inversion of HNP1, the vLDy,
value increased from 1.5 ug/ml to 16 ug/ml, while the vLD,,
value increased by a factor of 19 (6 ug/ml to 115 ug/ml). At 64
pg/ml, "HNP1 quantitatively killed S aureus; bacterial growth
could not be measured after the 12-h incubation time. In con-
trast, "HNP1 at the highest concentration of 256 ug/ml
reduced S. aureus survival by <2 logs. Similar, but smaller dif-
ferences were obtained with HD5. For HD5, the vLD,, value
increased from 2.5 ug/ml for the L-form to 6.4 ug/ml for the
D-form, whereas the vLD,, value increased only by a factor of
4.6 (from 7.3 pg/ml to 33 pg/ml).

Enantiomerization of HNP4 resulted in little change in its
activity and selectivity toward both strains tested. This finding
coincides with the earlier observation that inversion of HNP4
to its D-enantiomer exerted the least deleterious effect on
HNP4 binding or inhibition of LF and gp120. HBD2 was
extremely weak against S. aureus, and it was not possible to
determine if its bactericidal activity against the Gram-positive
strain was sensitive to enantiomerization.

It was recognized that target cell growth and metabolism
greatly sensitized microbes to the killing of less cationic
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defensins such as HNP-1 and -2 and rabbit defensin NP-5 (as
opposed to highly cationic defensins such as rabbit NP-1 and
NP-2) (11, 59, 60). Consistent with these older observations, the
addition of 1% TSB to the phosphate buffer during the initial
2-h incubation period in our vCC assay produced lower survival
at a given concentration of HNP1 compared with that in the
absence of TSB (Figs. 5 and 6). "HNP1 and "HNP1 showed
much enhanced and nearly identical bactericidal activity
against E. coli in the presence of 1% TSB. Providing nutrients
that allowed bacterial growth enhanced the killing of S. aureus
by both “HNP1 and PHNP1, without eliminating the much
greater susceptibility of the Gram-positive strain to the L-enan-
tiomer, as was also observed in the absence of TSB. The pres-
ence of 1% TSB made E. coli considerably more susceptible than
S. aureus to HBD2. In their totality, the data related to chirality
in Figs. 5 and 6 indicate that the mechanism whereby a-de-
fensins HNP1 and HD5 kill E. coli is distinct from the mecha-
nism that they use to kill S. aureus, because only the latter is
chirality-dependent. The staphylococcal partner in this chiral
interaction remains to be identified.

Other Human Defensins—We also tested HNP2, HNP3,
HD6, HBD1, and HBD3 with respect to their inhibition of LF
activity (Fig. 7A). HNP2 and HNP3 differ from HNP1 by one
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FIGURE 6. Survival curves of E. coli ATCC 25922 and S. aureus ATCC 29213 exposed to L- (empty symbols) and p-defensin (filled symbols) in the presence
(squares) and absence (circles) of 1% TSB. Strains were exposed to the peptides at concentrations varying 2-fold from 1 to 256 ng/ml. Each curve is the mean
of two separate experiments, where the error bars represent the £S.D. of the measurements. Points scored as zero survival could not be plotted.

amino acid residue at the N terminus, and, as expected, had
similar ICg, values to that of HNP1. HD6 was the weakest
among the six a-defensins, with its maximal inhibitory activity
leveling off at ~50% inhibition of LF. The reason that HD6
failed to progress beyond this plateau remains to be deter-
mined, but may be related to its ability to oligomerize differ-
ently from other human a-defensins (55). HBD1 had the high-
est IC,, value of 167 uM in the panel of nine native defensins
tested. Notably, HBD3 is as active as HD5 against LF, and two
orders of magnitude more potent than HBD2. These inhibitory
activity data are in general agreement with the results obtained
from SPR-based binding studies on immobilized LF and gp120
(Fig. 7B). The nine native defensins can be classified into three
categories on the basis of their LF inhibition and gp120 binding
activity: strong (HNP1, HNP2, HNP3, HD5 and HBD3),
medium (HNP4), and weak (HBD1, HBD2 and HD6).
Defensin Tertiary Structure in Relation to LF Inhibition, HIV
gp120 Binding, and Bacterial Killing—Kaufmann and col-
leagues reported that dithiothreitol-reduced HNP1 failed to
inhibit LF (36). Reduction of the three disulfides followed by
S-alkylation in retrocyclin-1 also dramatically reduced the abil-
ity of the 0-defensin to inhibit LF (38). To better understand the
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effect of disulfide bonding on LF inhibition, we characterized
the unstructured forms of HNP1, HD5, and HBD3, in which all
six Cys residues were simultaneously replaced by either Ala (in
HNP1) or a-aminobutyric acid (in HD5 and HBD3). Dose-de-
pendent LF inhibition by the three linearized defensins, desig-
nated as ""***HNP1, ""***HD5, and "****"HBD3, is shown in Fig.
7C. For comparison, the inhibition curves of native HNPI,
HD5, and HBD3 are also plotted in the same figure. For the two
a-defensins, loss of their tertiary structure was clearly detri-
mental to LF inhibition. A reduction in LF inhibition by 110-
fold, characterized by an increase in IC,, from 148 nm to 16.3
uM, was seen with HNP1, whereas the inhibitory activity of
HD5 was weakened by 47-fold (an increase in IC,, from 194 nm
to 9.2 uM). By contrast, loss of disulfide bonding in HBD3 had a
much smaller effect on LF inhibition, as evidenced by a <4-fold
increase in IC,, from 235 to 840 nM. The three unstructured
defensins were also analyzed along with wild-type HNP1, HD5,
and HBD3 with respect to their binding to LF, and, as shown in
Fig. 8 (top panel), the SPR data fully agreed with the above
findings. Further, disulfide bonding was also much less impor-
tant for HBD3 than for HNP1 and HD5 in HIV gp120 binding
(Fig. 8, bottom panel).

JOURNAL OF BIOLOGICAL CHEMISTRY 29187



Enantiomeric Human Defensins

120

Response Intensity (% to HNP1)

160
140:
120:
100:
60
60:
40:

20 A

0 4

BALF
mGp120

L

HNP1 HNP2 HNP3 HNP4 HD5 HD6 HBD1 HBD2 HBD3

100 -

80

60

40

Percent Residual Activity of ALF (%)

{HNP2 — 105
HNP3 — 78
2014ps — 4100

ICs0 (NM)

{HBD1 —— 167400

HBD3 = 235

) A

1 10 100

1000
Defensin Concentration (nM)

10000 100000 1000000 1E+07

120 E
= i 1 i
by 100 | g
< p e T
e
> 80 \
2 \
2 '
© \ )
< 60 - \ i
© [}
2 ICso (NM) § 1
‘w40 4 \ 1
O HNP1 —_— 148 \ \
© o Jnear NPy e 16270 1
c HD5 — 194 \
8 20 - linearyD5  weuens 9200
e
& ] HBDS —_— 235
" linearB D3 =ussss 840
1 10 100 1000 10000 100000 1000000

Defensin Concentration (nM)

FIGURE 7. Inhibition and binding of LF by other defensins. A, inhibition of LF activity by different concentrations of HNP2 (red), HNP3 (black), HD6 (blue),
HBD1 (orange), and HBD3 (green). B, percent RU, relative to HNP1, at 300 s of association of 100 nm defensin on 2500 RUs of immobilized LF or 2830 RUs of
immobilized gp120. C, inhibition of LF activity by linearized defensins (dotted lines): ""*"HNP1 (black), ""**"HD5 (red), and ""**"HBD3 (blue). Each inhibition curve
is the mean of three independent enzyme kinetic measurements. The p values for statistical significance are: p = 0.0012 for HNP1/""*a"HNP1, p = 0.0046 for

HD5/'""*"HD5, and p = 0.0076 for HBD3/""*"HBD3.

Using virtual colony count, we have previously shown that
linear N5 was significantly less active than HD5 in killing
S. aureus, but largely indistinguishable from HD5 in the kill-
ing of E. coli (61). We have extended the same observation to
linearIN'P1 and HNP1 under identical assay conditions. Shown
in Fig. 9A are plots of E. coli and S. aureus survival versus defen-
sin concentration. Both HNP1 and ""***HNP1 had similarly
weak killing activity against E. coli. By contrast, although HNP1
quantitatively killed S. aureus at 64 ug/ml, ""**"HNP1 was
barely active at the same concentration. The survival of S.
aureus was reduced by less than one log by "**"HNP1 at its
highest concentration of 256 ug/ml tested. Clearly, native a-de-
fensin structure, while dispensable in the killing of E. coli, is
required for efficient killing of S. aureus, reminiscent of "HNP1
and PHD5.

Due to an unusually high number of cationic charges, the
bactericidal activity of HBD3 is generally insensitive to loss of or
topological change in disulfide bonding (44, 62, 63). To extend
our previous observation (44), we quantified dose-dependent
killing of E. coli and S. aureus by HBD3, ""***HBD3, and 10
disulfide analogs (each with a unique three-disulfide connectiv-
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ity different from the native S-S pairing (Cys'-Cys®, Cys>-
Cys* and Cys®-Cys®). As shown in Fig. 9 (B and C), HBD3 and
all its disulfide analogs, regardless of whether or not and how
their disulfide bridges are paired, efficiently killed both strains
of bacteria, with vLDy, values clustering around 6.6 = 1.9
png/ml for E. coli and 3.7 = 1.0 pg/ml for S. aureus, and an
identical average vLD., value of 2.0 = 0.5 ug/ml for both
strains. At 25 pug/ml, complete killing of E. coli was achieved by
all disulfide-bridged defensins, representing a reduction of the
number of colonies by at least six orders of magnitude. By con-
trast, an average reduction of the number of colonies of S.
aureus was approximately three orders of magnitude at the
same defensin concentration.

DISCUSSION

Defensins are inherently effective multitaskers. How such
small peptides have acquired functional versatility in innate and
adaptive immunity is not well understood at the molecular
level. The mechanism whereby HNP 1-3 killed E. coli was
described in 1989 (11). The authors noted that, under condi-
tions that supported bactericidal activity, HNP-1 sequentially
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FIGURE 9. Survival curves of E. coli ATCC 25922 and S. aureus ATCC 29213 exposed to HNP1 and ""*"HNP1 (A), and, to HBD3, '""***HBD3 and 10
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separate experiments. Points scored as zero survival could not be plotted.

permeabilized the outer membrane and inner membrane of
E. coli and that, coincident with these events, bacterial synthesis
of DNA, RNA, and protein ceased and the colony count fell.
Merrifield and colleagues first used enantiomers to probe
mechanisms of antimicrobial peptides (58) and reported in
1990 that the - and p-enantiomers of three a-helical peptides
(cecropin, magainin, or melittin) were equally active in polariz-
ing planar lipid bilayers, killing Gram-positive and -negative
strains of bacteria, and lysing erythrocytes. They suggested that
chiral target cell molecules are not involved in the action of
these antimicrobial peptides. We also noted functional equiva-
lence of L- and p-enantiomers of protegrin-1, in studies per-
formed with bacteria and Candida albicans (64—66). In con-
trast, when Tempst and colleagues studied enantiomers of
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apidaecins, proline- and arginine-rich antimicrobial peptides of
insect origin that act preferentially on Gram-negative bacteria,
the p-enantiomer proved to be much less potent (67, 68). They
concluded that the peptides acted via a mechanism that
included stereoselective elements but was completely devoid of
any pore-forming activity. These earlier reports induced us to
compare the functional properties of several paired p- and L-de-
fensins. As discussed below, we gained some unexpected
insights into the molecular basis for defensin function.

First, PHNP1 and PHD5 were significantly less active than
their native L-forms in the killing of S. aureus, but the p- and
L-enantiomers of HNP1 or HD5 were equally bactericidal
against E. coli. This strain-dependent activity profile of p-de-
fensins has unveiled a yet-to-be-recognized mechanistic com-
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plexity of bacterial killing by defensins, likely arising from dif-
ferences in the chemical composition and structure of the
bacterial cell wall between E. coli and S. aureus.

For S. aureus, the cell wall consists primarily of a single but
thick layer of peptidoglycan covered with (lipo)teichoic acid,
whereas in E. coli, it is composed of a thin layer of peptidoglycan
surrounded by a thin outer membrane whose outer leaflet is
largely composed of lipopolysaccharide (69). Cationic antimi-
crobial peptides can associate with the negatively charged
lipopolysaccharide or teichoic acid, an event thought to be
important not only for antimicrobial selectivity but also for
peptide uptake across the bacterial cell wall (70). It is plausible
that an unidentified cellular component of S. aureus, possibly of
chiral nature, preferably interacts with native defensins, thus
contributing a great deal to bacterial killing. Consistent with
this hypothesis, loss of the structure of HNP1 and HD5 dramat-
ically reduced their bactericidal activity against S. aureus but
not against E. coli. Our bactericidal data on HNP1 and HD5 as
well as their linearized and p-enantiomeric analogs suggest that
the membrane of S. aureus is not the sole lethal target for cer-
tain defensins and that an alternative mode of action exists in
microbial killing.

Membrane-independent mechanisms have been proposed
for bacterial killing by other classes of cationic antimicrobial
peptides based on a poor correlation between their abilities to
permeate model membranes and to kill bacteria (71). A poor
correlation has also been established for the six human «-de-
fensins between their membrane activity and bactericidal activ-
ity.> Hancock and colleagues argue that an alternative mode of
action exists that likely involves internalization of cationic pep-
tides and targeting of intracellular molecules (72, 73). The
internal targeting hypothesis is supported by the observation
that certain antimicrobial peptides interact with nuclear acids
and interfere with protein synthesis but do not cause perma-
nent membrane depolarization. Although it remains unclear
how efficiently HNP1 and HD5 traverse the cytoplasmic mem-
brane, the possibility of endocytic internalization cannot be
ruled out. Alternatively, various effector molecules anchored
on the cell wall surface may interact in the uptake process of
certain defensins, thus facilitating or attenuating subsequent
membrane permeabilization.

Nisin, an amphiphilic antibiotic peptide produced by various
strains of Lactococcus lactis, is relatively weak in its ability to
induce liposomal leakage but potently active in killing Gram-
positive bacteria (74). Because the ability of nisin to induce lipo-
somal leakage markedly increased by several orders of magni-
tude in the presence of Lipid II, a membrane-bound
peptidoglycan precursor, it was suggested that nisin specifically
binds to the pyrophosphate moiety of Lipid II for enhanced
bacterial membrane permeabilization (75). More recently, nisin
has been reported to displace Lipid II from the cell division site
to block cell wall synthesis (76), a bacterial killing mechanism
reminiscent of vancomycin (77). These findings raise an
intriguing possibility, that is, HNP1 and HD5 may use some
components of the bacterial cell wall or of the cytoplasmic

®P. Zeng, C. Xie, B. Ericksen, Z. Wu, X. Li, W.-Y. Lu, and W. Lu, unpublished
results.
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membrane as docking molecules for enhanced membrane
interaction and/or for inhibiting cell wall synthesis. Because
HNP1 and HD5 are the strongest among the six human a-de-
fensins in binding glycosylated proteins and peptidoglycans,
the possibility merits further investigation. In this regard, lec-
tin-like properties of HNP1 and HD5 may be functionally rele-
vant to the killing of S. aureus.

A second surprising finding was the effective inhibition of LF
by PHNP1 and PHDS5 at high nanomolar concentrations. In
nature, the L-amino acids are by far the predominant enanti-
omers (78). Whereas bD-amino acids are commonly synthesized
and incorporated into antibiotic peptides by prokaryotes,
the animal kingdom restricts their appearance to post-translation-
ally modified diastereomeric peptides in lower species, such as
amphibians (79, 80). In humans, however, there exist no known
D-amino acids. It is well established in the literature that the
D-enantiomer of a native protein does not recognize the protein
partners of the L-enantiomer or vice versa due to steric incom-
patibility. For example, a chemically synthesized p-HIV-1 pro-
tease does not hydrolyze natural substrates of the native viral
protease but cleaves the D-enantiomer of a natural substrate as
efficiently as L.-HIV-1 protease cleaves the L-substrate (81). This
chiral mode of molecular recognition is stringently maintained
in interacting protein systems such as enzyme-substrate and
enzyme-inhibitor. For these reasons, D-defensins were not
expected to “specifically” interact with LF with high affinity.
The fact that p-defensins were effective inhibitors of LF, as was
the case with pD-retrocyclins (38), suggests that defensin associ-
ation with LF and many other proteins may be driven by forces
that act in a nonspecific and non-directional fashion.

Defensins are small enough that both cationic and hydropho-
bic residues are solvent-exposed, a circumstance that makes the
peptides unusually “sticky.” It is plausible that these surface
electrostatic and hydrophobic forces, in combination with a
disulfide-stabilized molecular scaffold, enable multiple defen-
sin molecules to bind a single target protein molecule. In fact,
both HNP1 and HD5 have been shown to bind bacterial toxins
and HIV gp120 at a high molar ratio (56, 82). Further, defensins
can dimerize and potentially form higher order soluble aggre-
gates in solution (6, 55). It has been demonstrated that binding
of HNP1 or HD5 to gp120 or bacterial toxins promotes defensin
self-aggregation (56, 82). Defensin oligomerization affords
additional molecular complexity at the quaternary structural
level, thereby contributing to enhanced structural diversity and
functional versatility.

Finally, we observed that LF inhibition, gp120 binding, and S.
aureus killing were strongly correlated among the various
defensins studied. In general, the strongest inhibitors of LF
were also the most effective bactericidal agents of S. aureus and
often the best lectins. This is surprising given the different
nature of the three defensin targets: a bacterial enzyme, a viral
glycoprotein, and a bacterium. Does this correlation hint at a
common molecular mechanism that allows defensins to inter-
vene in so many diverse biological processes? Presently, we are
exploring the possibility that events at the quaternary structural
level, such as in situ oligomerization, may provide a common
driving force that is ultimately responsible for modulating the

VOLUME 284 -NUMBER 42-OCTOBER 16, 2009



interaction of defensins with diverse targets and endowing
them with so broad an array of functional properties.

Several conserved structural elements in a-defensins have
been investigated, including a salt bridge, an invariant Gly res-
idue, and disulfide bonding (83— 87). However, these studies do
not address the structural determinants that make some a-de-
fensins considerably more potent than others in accomplishing
a given task.
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